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DETERMINATION OF LARGE-SCALE VELOCITY STRUCTURE OF THE CRUST AND 
UPPER MANTLE IN THE VICINITY OF PAVLOF VOLCANO, ALASKA 
S. R. McNutt 1,2 and K. H. Jacob 
Lamont-Doherty Geological Observatory of Columbia University, Palisades, New York 
Abstract. Pavlof Volcano is a 2715-m-high 
stratovolcano located at latitude 55.4øN and 
longitude 161.9øW, near the western end of the 
Alaska Peninsula. In this study the large-scale 
lateral perturbations to a vertical reference 
velocity structure in the vicinity of Pavlof 
Volcano are determined using modified versions of 
standard three-dimensional inversion techniques. 
We use as the primary data set P wave arrival 
times and residuals from shallow (< 40 km deep) 
regional earthquakes located by the Shumagin 
Islands seismic network. Relative residuals 
mainly from refracted (e.g., Pn) arrivals• allow 
us to constrain models for a laterally varying 
crustal velocity structure. Several strong ray 
path dependent patterns are seen in the resi- 
duals; the most pronounced is that rays passing 
through the crust beneath the volcano are delayed 
(positive residuals) by UP to 1.0 s, while those 
rays traveling subparallel to and behind the vol- 
canic axis on the retroarc (Bering Sea) side 
arrive as much as 0.5 s early (negative resi- 
duals). The corresponding results of a formal 
velocity inversion show the presence of a low- 
velocity body beneath the volcanic arc that co- 
incides geographically with Emroohs Caldera (10 km 
SW of Pavlof). Computed velocity values are 
about 12-14% lower than in the surrounding crust 
and are comparable to values found at other vol- 
canic areas. The exact shape and position of the 
low-velocity body and its suitability for geo- 
thermal power develo•pment have not yet been 
sufficiently determined; for such an assessment a 
much denser station distribution is required. 
In t roduc t ion 
Recently, a number of related techniques based 
on a method introduced by Aki et al. [1977] have 
been used to examine the two- and three-dimen- 
sional seismic structure of the earth's crust and 
upper mantle. In the principal method, one uses 
travel time residuals as data to invert for slow- 
ness perturbations in a volume located beneath an 
array of seismographs. The closely spaced array 
of seismographs operated by the Hawaiian Volcano 
0bsmrva.tory (HVO) h• allowed several detailed 
stu•ie•Q• the velocity structure of the geologi- 
cally compl•ex summit region of Kilauea Volcano. 
Ellsworth [•977] and Ellsworth and Koyanagi • 
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[1977] modeled the three-dimensional velocity 
structure of Kilauea on a spatial scale of 7.5 to 
15 km using teleseismic P wave arrival time 
data. More recently, Thurber [1984] used a 
modified technique involving simultaneous inver- 
sion for earthquake locations and velocity struc- 
ture to model the three-dimensional P wave velo- 
city structure of Kilauea on a spatial scale of 
3-4 km using local earthquake data. A review 
paper by Iyer [1984] discusses 12 additional 
cases of teleseismic P wave residual studies at 
volcanoes and two additional cases of local 
earthquake arrival time studies. 
This paper presents results of a determination 
of the laterally varying P wave velocity struc- 
ture of •the crust and uppermost part of the man- 
tle in the vicinity of Pavlof Volcano. Pavlof is 
a 2715-m-high stratovolcano located at latitude 
161.9øW, longitude 55.4øN, at the western end of 
the Alaska Peninsula (Figure 1). The station 
distribution and limited number of suitably sized 
earthquakes prevented us from applying a standard 
three-dimensional inversion using teleseismic 
data. The absence of shallow earthquakes (<50 
km deep) at distances less than 30 km from Pavlof 
further prevented us from using Thurber's method 
(which requires seismic sources within the volume 
subject to the velocity inversion). Instead, we 
use P wave travel time data from more distant, 
regional earthquakes to invert for a laterally 
heterogeneous velocity model of the crust and up- 
permost parts of the mantle. We do not attempt 
to refine the vertical variations of a previously 
determined regional reference model for the 
velocities in crust and upper mantle of the 
Aleutians. Rather we assume that the observed 
travel time anomalies represent only lateral per- 
turbations of the vertical reference velocity 
structure. The purpose then is to determine the 
magnitude of these lateral variations. The study 
uses relative residuals mainly from refracted 
(e.g., Pn) arrivals from earthquakes at distances 
of 104 to 547 km. The sources are located on the 
adjacent shallow port ions of the main thrust 
zone, well above the steeply dipping portions of 
the Wadati-Benioff zone. 
Data and Analysis 
Microearthquake stations of the Shumagin 
Islands regional seismic network operating during 
the study period (1981-1983) are shown in Figures 
! and 2. Each station is'•equipped with a verti-• 
cal, short-period (i s natural period) seismo- 
meter; data from all the •tations are radio tele- 
metered to a central recording site at Sand Point 
(SAN, Figure 2). In addition, two orthogonal, 
short-period horizontal seismometers were operat- 
ed at several •ites (see caption of Figure 2) be- 
ginning in 1982. Data are recorded on magnetic 
tape (both analog and digital), and arrival times 
can be read with a preCiSion of 0.01 s. 
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F•g. 1. •dex map o• the study a•ea. Active (•oloce•e) volcanoes a•e •ho• as sta• 
s•bols; solid symbols ma• volcanoes t•at •ave e•upteO • t•e past 11 yea•s• •h•le 
hal•-sol•d s•bols ma• volcanoes t•at •ave •ad activity suc• as earthquake s•a•ms o• 
geothermal activity. T•a•gles de•ote •e•sm•c stations. The boundaries o• the Shuma- 
g• seismic gap a•e sho• a• sol•d l•es •o• t•e se•smoge•c po•t•o• o[ t•e •uptu•e 
•o•e and as dasheO l•ne• •o• •o•seismoge•c po•t•o•s. The a•o• 8•o•s t•e plate con- 
vergence •ate • • y-1 [•om •ste• a•d Jo•da• 1978]. 
Figure 2 shows epicenters of the earthquakes quire that a given volume be sampled with a 
used in the velocity inversion; additional para- variety of ray paths from different azimuths. 
meters of the earthquakes are given in Table 1. Selecting events occurring at only shallow depths 
The earthquakes were located using the HYPO- ensures that most of the ray paths are critically 
INVERSE computer program [Klein, 1978] assuming a refracted and that any residual patterns are 
horizontally layered model for the central and largely independent of source depth. Low rms 
eastern Aleutian Islands determined from the 
travel times of central Aleutian nuclear explo- 
sions (H. Row]ett and K. Jacob, personal communi- 
cation, 1985). This model represents very well 
the average P wave velocities of the crust and 
uppermost mantle directly beneath the Aleutian 
arc, but it does not account for either volcanic 
low-velocity bodies or high-velocity slab ef- 
fects. Figure 3 shows the velocity model at true 
scale (no vertical exaggeration) as well as a 
critically refracted ray from the base of the 
crust to the surface. This ray path is represen- 
tative of most of the theoretical ray paths from 
the events used in the inversion. The flat layer- 
residuals (all < 0.50 s, most < 0.30 s) are diag- 
nostic of the better hypocentral solutions. How- 
ever, individual station residuals may still be 
large (up to 1.0 s). Most events with the larger 
magnitudes (mb = 2.5 to 6.0) have distinct 
arrivals, which can therefore be read with high 
precision. These larger events are also usually 
recorded on all stations, thus reducing relative 
location errors (which may depend on the presence 
or absence of certain stations). No station cor- 
rections are used. 
The study region of interest, the volcanic 
axis, lies between stations PVV and BLH. In or- 
der to obtain P wave residuals for rays that t ra- 
ed earth model is, of course, an approximation of verse the volcanic arc, it is thus essential that 
the more complicated three-dimensional true ve- 
locity structure. More tectonically realistic 
cross sections of seismicity, ray paths, and ve- 
locity structures associated with a descending 
slab are given by Reyners and Coles [1982], 
Hauksson et al. [1984], and Hauksson [1985] for 
the Shumagins, and by Frohlich et al. [1982] for 
the central Aleutians. On the other hand, it 
should be noted that most of the ray paths used 
in this study do not penetrate sufficiently deep 
into the mantle to be severely affected by the 
descending Pacific slab. 
The events were selected based on several 
criteria: good azimuthal distribution, shallow 
depths, low rms residuals, magnitude, arrivals 
recorded by at least 12 stations, and reliable 
arrivals on station BLH. Inversion studies re- 
the events be recorded on station BLH, the only 
station more than 20 km to the NW of Pavlof (Fig- 
ure 2). This station has a long telemetry link, 
including two repeater stations, and is thus vul- 
nerable to failure from severe winter conditions 
or bear damage. About one-half of the events in- 
itially selected according to the above criteria 
were not used because they were not recorded on 
station BLH. 
Figure 4 shows relative residuals (for several 
pairs of stations) as a function of the azimuth 
with respect to the trend of volcanic arc. The 
residuals are from the HYPOINVERSE solution, 
which seeks to minimize the total rms residual. 
Rays that travel subparallel to the volcanic axis 
(relative azimuths < 20 ø and > 160 ø ) arrive early 
at BLH and late at PVV; hence the relative resid- 
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Fig. 2. Seismic stations (triangles) and events (circles) used in the velocity inver- 
sion. The nineteen events shown are those whose relative residuals are plotted in 
Figure 4. Events were located using most of the stations shown. Stations BLH, PVV, 
CNB, SAN, and SGB were upgraded to three components in 1982. 
ual BLH minus PVV is negative (Figure 4a). Rays 
that travel in a direction more perpendicular to 
the arc (azimuths 60 ø to 100 ø) arrive late at BLH 
and early at PVV; hence the relative residual is 
positive. Rays at intermediate azimuths have 
intermediate residual values (near zero). This 
overall relative residual pattern, which forms 
the "U" shape in Figure 4a, is the most important 
observation of this study and provides the moti- 
vation to attempt a formal inversion for lateral 
velocity changes. 
We computed relative residuals for other sta- 
tion pairs, such as SGB minus NGI (Figure 4b). 
These two stations share a similar orientation 
and separation distance with stations BLR and 
PVV; they are, however, both located in the fore- 
TABLE 1. Parameters of Earthquakes Used in Study 
Lat., Long., Depth Mag- RMS Number o f Origin Time 
Date UT øN øW km nit ude s St at ion s 
Aug. 16, 1981 
Aug. 18, 1981 
Sept. 6, 1981 
Sept. 17, 1981 
Sept. 26, 1981 
Oct. 5, 1981 
Nov. 11, 1981 
Nov. 14, 1981 
Nov. 18, 1981 
Nov. 18, 1981 
Dec. 9, 1981 
Dec. 20, 1981 
Jan. 4, 1982 
Jan. 25, 1982 
Feb. 5, 1982 
Feb. 14, 1983 
Feb. 14, 1983 
Aug. 23, 1983 
Dec. 29, 1983 
Dec. 30, 1983 
0823:53.64 52ø47'69" 162ø48'93 
2255:37.97 55ø39'01" 158ø43 '00 
1320:19.70 56ø32'13" 156ø08'92 
0318:02.23 53ø02'52" 165ø20'27 
1748:14.08 54ø51'20" 160ø13'45 
1132:41.76 54ø16' 18" 161 ø26 '25 
0224:52.39 54ø11'75" 160ø34'92 
0919:57.35 54ø08'10" 162ø27'47 
1934:43.57 53ø22'31" 163ø58'39 
2008:38.90 53ø43'82" 163ø46 '86 
1222:14.26 52ø49'55" 154ø37'04 
1000:14.36 54ø33'59" 160ø24'34 
0709:54.38 53ø56'94" 162ø30 '23 
2339:17.71 56ø23'13" 155ø51 '68 
0908:32.51 54ø36'27" 160ø51 '93 
0320:03.71 54ø48'52" 159ø06'46 
0810:02.72 54ø51 '72" 158ø52'48 
0647:32.79 54ø37'16" 156ø51 '27 
1121:20.15 53ø45'89" 163ø55'23 
2239:43.82 53ø47'68" 164ø00'10 
09.91 3.0 0.28 la 
39.29 3.6 0.19 15 
45.0Q 3.8 0.27 14 
08.72 4.0 0.37 14 
35.20 2.6 0.18 15 
12.85 3.3 0.22 15 
15.40 2.4 0.31 15 
00.74 2.7 O. 30 17 
29.71 3.6 0.22 16 
03.30 2.9 0.18 15 
32.87 4.5 0.21 18 
14.64 2.q 0.32 18 
04.59 2.6 O. 50 18 
15.17 4.0 0.47 15 
02.90 2.3 O. 25 11 
16.11 5.6 0.44 13 
14.02 6.0 O. 34 13 
15.17 2.8 0.18 12 
28.30 2. q 0.48 13 
11.40 2.8 0.48 14 
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SHUMAGIN VELOCITY MODEL 
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Fig. 3. Velocity structure used for locating earthquakes by the Shumagin Islands 
seismic network. The horizontal to vertical scale is 1'1. Also shown is a critically 
refracted ray, which is representative of the ray paths taken by most arrivals at sta- 
tions BLH and PVV. 
arc region instead of straddling the volcanic 
arc. The pattern of relative residuals versus 
azimuth for stations SGB and NGI (Figure 4b) does 
not show the "U" shape found in Figure 4a. Rela- 
tive residuals for station PVV minus station DLG 
also show no "U" shape pattern. Relative resid- 
uals for station BLH minus PN8 show a slight "U" 
shape, but with larger errors and several excep- 
tions. To summarize, the station pairs entirely 
south of the volcanic axis (SGB-NGI and PVV-DLG; 
Figures 4b and 4c) show no systematic relative 
residual pattern, while the pair that straddles 
it (BLH-PVV; Figure 4a) shows a strong, systemat- 
ic trend. Station pair BLH-PN8 straddles part of 
the volcanic axis and shows a slight trend (Fig- 
ure 4d). Thus a strong systematic residual pat- 
tern seems related to the volcanic arc only. 
Several tests were made to be sure the rela- 
tive residual pattern of Figure 4a is real and 
not an artifact of distance, depth, or systematic 
mislocations due to network layout. All of the 
events that fall in azimuths 0-20 ø and 160-180 ø 
and that meet the above selection criteria are 
>220 km from Pavlof. We searched the Shumagin 
earthquake catalog for events at closer dis- 
tances; we found small shallow events at dis- 
tances of 73 and 88 km at azimuths 5 ø and 165 ø , 
respectively, which have the same residual pat- 
terns. Thus we discount distance effects as 
asignificant cause of the residual pattern of 
Figure 4a. Depth effects are more problematic. 
In general, the farther away an event occurs, the 
less reliable is its computed depth. We examined 
the hypocentral depths of the events and found 
that both shallow and deeper events at similar 
azimuths and distances have similar relative re- 
siduals (both positive and negative). Absolute 
residuals show no systematic azimuth-dependent 
pattern regardless of the focal depth. We then 
checked U.S. Geological Survey preliminary deter- 
mination of epicenters (PDE) solutions. In gen- 
eral, PDE epicentral solutions in the Shumagins 
are 10-40 km NNW of local network solutions. 
However, depths are often determined independent- 
ly from reflected (e.g., pP) arrivals. PDE 
depths for most of these shallow events agreed 
with local depth determinations within the uncer- 
tainty of measurement. 
Moreover, we performed a more general test. 
We began with the final HYPOINVERSE hypocenter 
solution, then systematically moved the events 5 
km to the north, south, east, west, deeper, and 
(where possible) shallower and recalculated the 
residuals. Relative residuals changed by only a 
few hundredths of a second in the worst case. 
Thus we conclude that systematic network misloca- 
t ions alone cannot explain the observed residual 
patterns. 
We next set up the inverse problem to find the 
velocity perturbations that correspond to the • 
pattern of relative residuals of Figure 4. We 
divide the area around the volcano into two dif- 
ferent nine-element grids (Figure 5). The first, 
smaller, grid has equidimensional elements meas- 
uring each 17 by 17 km. All the earthquakes lie 
outside this grid, and stations BLH and PV• lie 
inside, it. Many rays pass through grid elements 
2, 5, 7, 8, and 9; fewer rays pass through ele- 
ments 1, 3, 4, and 6. The grid orientation and 
grid spacing are chosen such that one set of grid 
lines is subparallel to the volcanic axis and 
that stations BLH and PVV are assigned to separ- 
ate grid elements. The second grid system is 
oriented parallel to the first, but this time the 
elements are larger; in fact, all elements except 
number 5 are open ended and thus extend out to 
include all the events. Seven stations, includ- 
ing BLH and PVV, are used with this grid, and the 
stations are chosen to make the ray path density 
approximately the same within each grid element. 
The horizontal path lengths between the earth- 
quakes and stations for each ray through each 
grid element of both models are computed using a 
simple ray tracing scheme. The inverse pr6blem 
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Fig. 4. Relative residuals (residual is observed travel time minus predicted travel 
time) for pairs of stations versus relative azimuth (defined below) from Pavlof Vol- 
cano. Negative residuals at any station represent early arrivals, while positive resi- 
duals represent late arrivals. The combination of both contribute to the relative 
residuals plotted. Relative azimuth 0 ø is to the WSW of Pavlof along the Alaska Penin- 
sula; 90 ø is SSE from the volcano toward the Pacific Ocean, and 180 ø is ENE along the 
Alaska Peninsula. Error bars represent uncertainties in picking the arrival times. 
(a) Relative residuals for station BLH minus station PVV. (b) Relative residuals for 
station SGB minus station NGI. (c) Relative residuals for station PVV minus station 
DLG. (d) Relative residuals for station BLH minus station PNS. 
is formulated as a linearized approximation 
whereby we seek the solution to a set of linear 
equations, one for each residual' 
res n = dnl Sl + dn2 s2 + .... + dn9 s9 
where res n is the residual for the n th ray, dnl 
to dn9 are the horizontal distances the n th 
ray spends in each grid element, and s 1 to s 9 are 
the (unknown) slowness perturbations (from an 
average slowness s o ) in the nine gridded regions. 
The mean of all the residuals is subtracted from 
each residual. We then have a matrix equation' 
dll d12 ...... d19 Sl resl 
d21 d22 d29 s2 res2 ß ß : ß • ß /dn2 dn 2 d; 9 s9 resn (l) 
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Figø 5. Grids and stations used for inversion models 1 and 2. Grid for model 2 is 
dashed beyond points where •ays enter the model. Triangles show station locations. 
or D s = r (2) 
D and r continually grow in size as more earth- 
quake data are being added. We thus can obtain 
readily the matrix DTD and vector D_Tr, which 
are of fixed size (here 9 x 9 and 9 x 1, respec- 
tively [Thurber, 1981]. D__ T is the transposed 
matrix of D. The next step is the inversion of 
the matrix equation 
least squares technique [e.g., Crosson, 1976]. 
The damped least squares solution is 
s = (DTD + %2 i)-i DTr (5) 
__ ---- __ 
where %2 (units are distance squared) is the 
damping parameter and I is the identity matrix. 
In the present case, X--can be thought of as a 
characteristic model length. Adding %2 to the 
diagonal elements of DTD subdues any large 
changes that would occur for near-zero singular 
values in the standard least squares inversion 
which is the normal-equations form of (2). Since [Crosson, 1976]. To test the stability of the 
there are more observations than unknowns, the solutions, several values for %2 were tried. In 
problem is overdetermined, so we solve it in a practice, the undamped least squares solution 
least squares sense. The least squares solution (%2=0) is determined firstø Then the choice 
s = (DTD) -1 DTr (4) 
__ 
tends to be unstable because of random data error 
[Aki and Lee, 1976]. Therefore we use a damped 
2 
%2 = oi 
2 
Om 
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MODEL I 
UNDAMPED 
I 2 3 
-14.6 +12.5 3.3_* 17.4 -10.8_* 6.6 
% 
7.6-*0. 7 6.$-.1.0 7.$-* 0.4 
krn s -/ 
4 5 6 
12.8*_13.1 8.1+15.1 2.9-*6.4 
5.8-*0.8 6.0-*0.9 6.$_'0.4 
7 8 9 
-0.:5+2.9 -I.4"'3.0 -I.3*_.4.6 
6.5-*0.2 6.6*0.2 6.650.3 
,,,I % DAMPING 
I 2 
-8.9"'3.7 2.9+5.7 -5.8'5.7 
% 
7.1-.0.2 6.$-*0.2 6.9-*0.2 
km s -• 
4 5 6 
8.6+3.6 4.7+ 4.0 1.3-* 3.1 
6.0t0.2 6.2t0.3 6.4-*0.2 
7 8 9 
-O. It 2.7 -0.7t 2.6 -0.4*_3.3 
6. 5_*0.2 6.5_* 0.2 6.5_*0.2 
MODEL 2 
UNDAMPED 
I 2 3 
-23.8*_9.9 -2.6+_3.3 -11.3-.8.3 
% 
8.5*_0.6 6.7-*0.2 7.3_+0.5 
krn s -/ 
4 5 6 
6.0-*2.0 14,8-.3.0 4.1_* 6.6 
6.1-.0. I 5. 7_*0.2 6.2_*0.4 
7 8 9 
-0.8-.0.3 -0.04-.0.5 -0.1*_0.2 
6.6_+0.02 6.5-*0.03 6.5-.0.01 
~1% DAMPING 
I 2 3 
-6.6-.5.0 -2.3_*2.7 -4.2+_4.3 
% 
7.0_*0.3 6.7_*0.2 &8_'0.3 
krn s -• 
4 5 6 
3.0+1.7 12.5_.2.6 -0.6t3.6 
6.3_*0.1 5.8_*0.2 6.5_+0.2 
7 8 9 
-0.6"-0.3 0.02_*0.5 -0.04_*0.2 
6.5_*0.02 6.5_*0.04 6.5_'0.01 
Fig. 6. Block diagrams showing results and 
errors from the velocity inversion. Re- 
sults and errors are shown as both slowness 
perturbations in percent and as resulting 
velocity values assuming an initial veloc- 
ity of 6.5 km/s. 
where o i 2 is the data variance (of the observed 
residuals) and Om 2 is the model variance (of 
the computed slowness perturbations) is utilized; 
this choice yields a damped least squares solu- 
tion equivalent to that of the stochastic inverse 
of Franklin [1970]. Hoerl et al. [1975] have 
suggested that an appropriate choice for %2 is 
2 
%2 =poi 
sTs 
where p is the number of grid elements (=9) and s 
and s T are the solution vector (i.e., resolved 
perturbations in slowness) and its transpose, 
respectively. Thus the undamped least squares 
solution is obtained, sTs (scalar product of 
slowness vectors) is computed, %2 determined, and 
the damped least squares solution obtained. Then 
sTs is recomputed, '%2 redetermined, etc.; this 
procedare is carried out iteratively. In our 
%2 case, changed by less than 0.1% from the first 
to the second iteration, so we terminated the 
procedure after two iterations. The "optimized" 
value of %2 in the present case is 1.16% of the 
sum of the elements of the leading diagonal of 
the matrix to be inverted (DTD). This value of 
%2 represents a model length of about 40 kin. 
Re sul t s 
Results of the inversions for both model 1 and 
model 2 are shown in Figure 6. The reduction in 
residual variance is approximately 59% for model 
1, and 39% for model 2. Results are shown in two 
ways: as final velocity values computed from an 
initial velocity of 6.5 km s -1 (slowness of 0.154 
s km -1), with errors in velocity in km s-l; and 
as percent slowness perturbations with errors in 
percent of initial slowness. 
The initial velocity was determined by com- 
puting the average velocity of all rays in the 
model using two methods. First, the straight 
line geometric distances for each station/event 
pair were calculated, and velocities obtained by 
dividing by travel times. This yields a lower 
bound for the average crustal velocity of 6.43 km 
s -1. Second, the average velocity from the HYPO- 
INVERSE ray tracing subroutine was tabulated. 
This velocity yields 6.77 km s -1. An interme- 
diate velocity rounded off to 6.5 km s -1 was 
eventually used in the presentation of data. 
Errors are determined by recalculating the resid- 
uals through the obtained model and computing 
standard errors for each grid element. 
For each of the two models, we see that grid 
elements on the retroarc side of the volcanic 
axis show increased velocities (except for block 
2, model 1), grid elements on the volcanic axis 
show decreased velocities, and grid elements 
trenchward of the volcanic axis remain basically 
unchanged. Grid elements 1, 3, 4, and 6 tend to 
have relatively larger errors because fewer ray 
paths cross them. Grid element 2 has a relative- 
ly large error because rays from all earthquakes 
cross it, and residuals at station BLH show large 
variations (see Figure 4). In each case, the 
damped solutions show smaller perturbations and 
smaller errors than the undamped solutions (Fig- 
ure 6). 
The largest computed velocity decreases (slow- 
ness increases) are about 12-14% for both models 
1 and 2. These are comparable to values found in 
other volcanic areas, such as 8-15% in the upper 
crast at Yellowstone [Iyer et al., 1981a], 10-15% 
under Long Valley caldera [Steeples and Iyer, 
1976], and 15-30% beneath Mount Etna [Sharp et 
al., 1980]. The velocity decreases reported at 
Mount Etna, and a valae of 25% at the Geysers 
Clear Lake volcanic field [Iyer et al., 1981b] 
are the highest values reported in the liter- 
ature. Iyer [1984] notes that four studies of 
volcanoes in the Cascades of Oregon and 
California have failed to show the presence of 
significant low-velocity anomalies beneath the 
volcanoes, so the lowest velocity perturbations 
in volcanic areas may be not always discernible 
from the background variations (noise) in the 
mea s ur emen t s. 
The results presented above are subject to 
certain limitations, some of which are inherent 
in the particular analysis method. For instance, 
the method assumes that the shape of heterogen- 
eities is boxlike and the source/receiver config- 
uration imposes a minimum edge length of 17 km 
for the boxes. Neither of these configurations 
has any tectonic rationale. In fact, they may be 
quite inappropriate to describe the actual struc- 
tares. Because the actual ray paths are mostly 
refracted, the rays to station BLH are deeper un- 
der blocks 4, 5, and 6 than they are under blocks 
1, 2, and 3. A glance at Figures 2 and 3 will 
confirm this. Blocks 7, 8, and 9 in model 1 are 
traversed by deep rays (to station BLH) and shal- 
low rays (to station PVV). The same is true for 
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Fig. 7. Simplified geologic map of Pavlof and vicinity on the Alaska Peninsula. Topo- 
graphic contours are in thousands of feet; tick marks are on the downhill side. Irreg- 
ular small black shapes are cinder cones. The crosshatched area represents the approx- 
imate outline of Emmons Caldera as drawn by C. Newhall et al. (written communication, 
1984). Heavy shaded lines (a) and (b) indicate two volcanic alignments of probably 
different origin; line (a) represents an ENE alignment of prominent cinder cones, or 
other secondary volcanic vents associated probably with a stress-induced fissure. line 
(b) represents the NE alignment of the volcanic line ponnecting the primary volcanic 
structures of Emmons, Hague, Pavlof, and Pavlof Sister and is probably directly related 
to the strike of the descending slab at depth rather than controlled by the local 
stress regime. Note the elongation of Emmons Caldera coincides with either direction 
(a or b) equally well. 
model 2, but since here the ray paths in the 
gridded regions are longer, the average depth is 
greater. Thus for model 1 the solution for 
blocks 1, 2, and 3 corresponds to an average 
depth of 7 km; for blocks 4, 5, and 6 (including 
the volcanic axis) the average depth is 19 km, 
and for blocks 7, 8, and q the average depth is 
12 km. For model 2 the analogous values are 8, 
22, and 27 km, respectively. 
Discussion and Conclusions 
The preferred explanation for the observed 
low-velocity anomalies is the presence of partial 
melt in the crust, or some sort of magma cham- 
ber. The values for percent of partial melt are 
commonly thought to be approximately similar to 
the values for percent velocity decrease, al- 
though the unknown geometries of distribution of 
partial melt (aspect ratios of melt pockets) can 
lead to large uncertainties [Iyer, 1984]. Blocks 
4 and 5 in model 1 correspond in map view with 
Emmons Caldera and Pavlof, respectively (Figure 
7), and block 5 in model 2 includes both blocks 4 
and 5 in model 1. Emmons Caldera is a 10 x 16 km 
depression located about 10 km SW of Pavlof Vol- 
cano (Figure 7). The caldera is the source of 
ash flows that have traveled at least 50 km 
[Miller and Smith, 1975], and calculations based 
on conductive cooling show that Emmons contains 
estimated thermal energy of 1.44 x 1021 J to a 
depth of 10 km [Smith and Shaw, 1978]. The out- 
line of Emmons Caldera shown in Figure 7 is drawn 
strictly based on topography (C. Newhall, person- 
al communication, 1984). Gravity and magnetic 
data are too sparse in this area to show any ano- 
malies. No electrical resistivity or geodetic 
surveys have yet been carried out. No local 
crustal earthquakes have been recorded within 30 
km of Pavlof between 1973 and 1984 [McNutt, 1985; 
Jacob and Hauksson, 1983], and no refraction sur- 
veys have been done. In short, except for topo- 
graphy, no geophysical information existed to 
confirm the presence or physical state of a cal- 
dera here until the present study was under- 
taken. We interpret the low-velocity anomaly in 
the vicinity of Pavlof Volcano and Emmons Caldera 
to be a magma chamber at midcrustal depth, i.e., 
approximately 20 km. Such a chamber could be a 
distinct feature associated only with Emmons 
Caldera or a larger zone of magma storage for the 
whole Emmons Caldera, Pavlof, and Pavlof Sister 
complex. McNutt and Beavan (in McNutt [1985, 
Chapter 1]) show that eruptions of Pavlof Volcano 
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are periodic; they suggest that nontidal sea lev- 
el variations may be acting as a trigger mechan- 
ism for the eruptions. A magma storage complex 
at a depth of approximately 20 km and deeper is 
consistent with their entirely independent inter- 
pret at ion. 
The ENE-WSW alignment of cinder cones shown in 
Figure 7 further suggests that Emmons Caldera, 
Pavlof, and Pavlof Sister are related, as the 
cinder cones are all relatively young features. 
This ENE-WSW alignment of cinder cones (Figure 7, 
line a) is perpendicular to the usual alignments 
of cinder cones at most other volcanoes on the 
Alaska-Aleutian arc, which are shown by Nakamura 
et al. [1977] to be perpendicular to maximum hor- 
izontal compression, or parallel to the plate 
convergence vector (Figure 1) between the Pacific 
and North American plates. Thus the alignment of 
cinder cones shown in Figure 7 may be the surface 
expression of a fissure whose orientation is de- 
termined by local, rather than regional, stress- 
es. Local stresses may be affected by the con- 
tinental-to-oceanic crust transition of the over- 
riding North American plate, which occurs in the 
vicinity of Emmons/Pavlof, and by a zone of anom- 
alous subduction and associated intermediate- 
depth seismicity adjacent to, and to the east of, 
Emmons/Pavlof [McNutt, 1985, Chapter 3, Figu•re 
10]. 
The minimum block size in the present study is 
17 km. That dimension is the practically achiev- 
able resolution of this study. Since seismograms 
of only local to regional earthquakes are the 
data, the average frequency content of the P 
arrivals is between about 5 and 10 Hz. At 6.5 km 
s -1 the typical wavelength is then about 1 3 km, 
and hence the theoretically achievable spatial 
resolution would be of this order. A distribu- 
tion of stations (or events!) much denser than 
the one available for this study would bring the 
spatial resolution closer to the theoretically 
achievable one. Because of the finite wave- 
lengths of seismic energy it is likely that 
dikes, sills, or other similar structures of 
dimensions less than i to 2 km would still not be 
resolvable. 
Other seismologic techniques and data to dis- 
cern the structure could be explored, a• there 
exist observations to warrant their use. For ex- 
ample, the frequency content of S waves recorded 
on Pavlof stations for some regional and deep 
earthquakes is drastically altered. Nearly all 
the higher frequencies (>2 Hz) are removed at 
these stations that lie over the volcanic axis. 
The same general effect is observed, but to a 
lesser extent, on seismograms for P waves from 
both regional events and some teleseisms. 
Hauksson [1985] shows an example of seismograms 
from a deep event whose S waves are greatly 
attenuated. 
In conclusion, the pattern of relative re- 
siduals shown in Figure 4 and the results of a 
two-dimensional velocity inversion support the 
existence of a low-velocity zone at depth beneath 
Emmons Caldera and Pavlof Volcano. The low- 
for geothermal power development, require the 
existence of a denser network of seismic sta- 
tions. Economic development of geothermal power 
is potentially viable in the Emmons/Pavlov area 
because of existing and proposed oil exploration 
efforts in the adjacent Bering Sea lease areas 
that may require related nearshore and onshore 
facilities. Other seismologic techniques, such 
as studies of wave attenuation, can be initiated 
using available data to verify the existence of 
an anomalous crustal structure. But both attenu- 
ation and velocity resolutions would certainly be 
improved with at least a temporarily denser net- 
work of three component seismic stations than has 
been available in the past. 
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